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I .  INTRODUCTION 
The Biomedical and Biomathematics Departments o f  the  Highway 
Safety  Research I n s t i t u t e  have completed Phase I o f  a study 
conducted i n  cooperat ion and con junc t i on  w i t h  the  Naval 
Biodynamics Laboratory :  "Analys is  o f  Head and Neck Dynamic 
Response o f  t he  U.S. Adu l t  M i l i t a r y  Popula t ion ' '  (Contract  
No. ~00014-81-K-0603, J u l y  1981 - June 1982). Phase l l  o f  t h i s  
study commenced w i t hou t  i n t e r r u p t i o n  on 1 J u l y  1982. 
The general  purpose o f  t h i s  s tudy i s  t o  analyze and u t i l i z e  
human sub jec t  da ta  generated a t  NBDL w i t h  the goal o f  
understanding and e x p l a i n i n g  the mechanisms invo lved  i n  head and 
neck dynamic response. Much o f  the  work invo lves  use o f  computer 
models f o r  s imu la t i on  o f  sub jec t  response. Phase I e f f o r t  
invo lved use o f  bo th  two-dimensional and three-dimensional  models 
i n  s tudy ing  response t o  -Gx and +Gy acce le ra t i on  inpu ts .  As a 
r e s u l t  o f  Phase I -Gx s imu la t i ons  w i t h  the  MVMA Two-Dimensional 
Model (1 -4) , head and neck responses i n  the sag i t t a l  p lane a re  now 
we1 1 understood. Use o f  the  VOM Three-Dimensional Model ( 5 , 6 )  i n  
Phase I I  f o r  a d d i t i o n a l  study o f  +Gy NBDL t e s t s  and a l so  study o f  
-Gx/+Gy t e s t s  w i l l  lead t o  an unders tanding o f  the  mechanisms 
invo lved i n  a general three-dimensional  response. Modeling and 
ana l ys i s  e f f o r t s  w i l l  be conducted w i t h  the u l t i m a t e  o b j e c t i v e  o f  
e x t r a c t i n g ,  from NBDL data base, i n f o rma t i on  on the head/neck 
system necessary t o  accomplish the  p r imary  ob jec t i ves  o f  the NBDL 
research e f f o r t :  (1 )  t o  develop des ign c r i t e r i a  f o r  c o n s t r u c t i o n  
of dummies which w i l l  c l o s e l y  reproduce man's response t o  crash 
acce le ra t i on ,  and (2)  t o  d e f i n e  the envelopes o f  impact 
8 
acceleration w h i c h  result i n  injury. 
I I .  BACKGROUND 
The program o f  impact a c c e l e r a t i o n  t e s t s  be ing conducted a t  
NBDL (7-17) us ing  human vo lun teer  sub jec t s  has been o f  p a r t i c u l a r  
importance among e f f o r t s  over t h e  pas t  twen t y - f i ve  years t o  ga in  
an unders tanding o f  human impact response. Th is  e f f o r t  has 
r e s u l t e d  i n  the  most ex tens ive  body o f  exper imental  da ta  t h a t  
e x i s t s  f o r  human head/neck dynamic response. Th i s  work has 
invo lved  p r e c i s e  measurement o f  the complete inpu t  a c c e l e r a t i o n  t o  
the head and neck (measured a t  the  f i r s t  t ho rac i c  ve r tebra )  , 
p rec i se  measurement o f  the dynamic response o f  the head and neck 
t o  t he  i n p u t  acce le ra t i on ,  and development o f  data  a c q u i s i t i o n  and 
automat ic  process ing systems. 
The exper imental  da ta  ob ta ined  by Ewing and Thomas a t  NBDL 
( f o rme r l y  NAMRL) p rov ide  a unique o p p o r t u n i t y  t o  i n v e s t i g a t e  the  
r e l a t i o n s h i p s  between dynamic response and biomechanical 
p r o p e r t i e s  o f  human sub jec ts .  Study o f  these data w i l l  y i e l d  
impor tan t  i n f o rma t i on  f o r  "improved" anthropomorphic dummy 
development and improved p r e d i c t i v e  c a p a b i l i t i e s  o f  mathematical 
models. Exiens i v e  use was made of NAMRL da ta  i n  a  1975-76 s tudy 
by HSRl e n t i t l e d  " A  P r e d i c t i o n  o f  Response o f  the Head and Neck 
f o r  t h e  U.S. Adu l t  M i l i t a r y  Popu la t i on  t o  Dynamic Impact 
Acce le ra t i on  from Selected Dynamic Test  Subjects" (ONR Cont ract  
NO00 14-75-C- 1077) ( 1  8,19) . 
I l l .  METHODS A N D  PROCEDURES 
Methodology has been discussed in considerable detail with 
NB D L  staff in two technical meetings which took place during Phase 
I .  The discussion on methodology which follows in this section is 
abbreviated since the Scientific Director of the project at NBDL 
(Dr. D. J. Thomas) has indicated a preference for a brief Annual 
Report so that Phase I I work can proceed with minimal 
interruption. 
Technical meetings were as follows: 1 )  After a period during 
which startup work was carried out, Dr. Bowman and Dr. Schneider 
made a trip to Michoud Station September 17-18 for the purpose of 
meeting with NBDL staff, In meetings with Dr. J. Wenger, Dr. D.J. 
Thomas, Dr. C.L. Ewing, Cdr. Waldeisen, and Mr. L. Lustick, 
project procedures, methodology, and goals were discussed. It was 
agreed that HSRl would prepare a request for test data needed for 
analysis. 2) Mr. L. Lustick of NBDL met at HSRl with Dr. Bowman 
and Dr. Schneider June 2-3 for the purpose of reviewing work 
accomplished during the first year of the project. Phase I 
methodology and results were discussed as well as goals for the 
second year. 
A. Project Goals 
The long-term objective of the University of Michigan project 
is to extract from the NB D L  data base information on the head/neck 
system necessary to accomplish NBDL's basic research goals of 
developing an improved anthropomorphic dummy for dynamic crash 
testing and defining human injury tolerance levels in terms of 
dynamic response parameters. An important result of work during 
t h e  f i r s t  year o f  t h e  p r o j e c t  was t h e  l a y i n g  o f  a  f i r m  base f o r  
accomp l i sh ing  t h e  s p e c i f i c  goa ls  o f  t h e  p r o j e c t .  Thus, t h e  f i r s t  
y e a r ' s  e f f o r t  i n c l u d e d  development o f  procedures and s o f t w a r e  f o r  
work ing  w i t h  NBOL dynamic response d a t a  and a l s o  f o r  d i s p l a y  and 
assessment o f  s i m u l a t i o n  response da ta .  The p r i m a r y  s p e c i f i c  
goa ls  o f  t h e  f i r s t  year were t o  e s t a b l i s h ,  t o  t h e  e x t e n t  p o s s i b l e ,  
t h e  b iomechan ica l  p r o p e r t i e s  o f  t h e  human neck t h a t  p e r t a i n  t o :  1) 
dynamic response i n  t h e  s a g i t t a l  p lane ,  i . e . ,  responses t h a t  would 
r e s u l t  f rom x -vec to r  a c c e l e r a t i o n  i n p u t s  t o  t h e  head/neck system 
(e.g., -Gx) , and 2) dynamic response o u t  o f  t he  s a g i t t a l  p lane,  
i . e . ,  responses t h a t  would r e s u l t  f rom y - v e c t o r  a c c e l e r a t i o n  
i n p u t s  (e.g., +Gy). Fo l low-on e f f o r t  (Phase I I )  would then  f u l l y  
e s t a b l i s h  t h e  n a t u r e  o f  b iomechan ica l  c o u p l i n g  i n  t h e  neck and 
e x p l a i n  NBDL t e s t  r e s u l t s  f o r  -Gx+Gy a c c e l e r a t i o n  i n p u t s .  T h i s  
c o u p l i n g  was examined t o  some e x t e n t  even i n  t h e  f i r s t  year s i n c e  
head/neck system asymmetries cause coup led mot ions  t o  occur even 
when t h e r e  i s  a  pu re  +Gy i n p u t .  T h i s  p r o j e c t ' s  p r i m a r y  o v e r a l l  
goa l  i s  t o  f i n d  t h e  s i m p l e s t  p o s s i b l e  b iomechanical  d e s c r i p t i o n  o f  
t h e  neck wh ich  w i l l  e x p l a i n  a l l  impor tan t  aspects  o f  head/neck 
m o t i o n  r e s u l t i n g  f rom a comp le te l y  genera l  a c c e l e r a t i o n  i n p u t .  
Such a  b iomechan ica l  model w i l l  se rve  as a  des ign  p l a n  f o r  a dummy 
neck which:  a) reproduces human dynamic response w i t h  reasonab le  
accuracy,  and b) i s  p o s s i b l e  t o  c o n s t r u c t .  
B. S t a r t u p  on -Gx S i m u l a t i o n  Work 
Our f i r s t  e f f o r t  on t h i s  p r o j e c t  i n v o l v e d  r e v i v i n g  d a t a  f i l e s  
and computer programs t h a t  were used i n  our 1975-1976 s tudy.  As 
t h e  f i r s t  p a r t  o f  our  s i m u l a t i o n  work i n  t h e  c u r r e n t  p r o j e c t  was 
t o  push o f f  from the -Gx work done i n  the  e a r l i e r  s tudy,  we were 
ab le  t o  exped i te  our s t a r t  by us ing  as a base t he  o l d  s l ed  t e s t  
data, s i m u l a t i o n  model da ta  sets ,  s imu la t i on  r e s u l t s ,  and da ta  
process ing programs. E f f o r t  was expended toward s i m p l i f y i n g  t he  
procedure by which p l o t  ou tpu t  i s  ob ta ined  f o r  g raph ica l  
r ep resen ta t i on  o f  s imu la t i on  r e s u l t s .  Th i s  requ i red  r e v i s i o n  o f  
o l d  so f tware  and development o f  new sof tware.  
The computer model used f o r  -Gx s imu la t i ons  i n  t he  c u r r e n t  
study i s  the  same as t h a t  used i n  the  e a r l i e r  p r o j e c t ,  v i z . ,  t he  
MVMA Two-Dimensional Crash V i c t i m  Simulator ,  which was developed 
a t ,  and i s  mainta ined by, t he  U n i v e r s i t y  o f  Michigan Highway 
Safety  Research I n s t i t u t e .  
C .  S t a r t u p  on +Gy and -Gx+Gy S imu la t ion  Wark 
NBDL work has showed t h a t  w h i l e  impor tant  aspects o f  head/ 
neck response t o  +Gy and -Gx+Gy inpu ts  can be descr ibed i n  terms 
o f  j u s t  two degrees o f  freedom, the  responses are no t  p lanar  i n  
nature.  Thus, a  three-dimensional  head/neck model i s  r equ i r ed  t o  
i n v e s t i g a t e  head/neck dynamics f o r  i npu t s  i n  these vec to r  
d  i r e c t  i ons. The VOM (Veh i c  1 e  Occupant Model) Three-D irnens i ona 1 
Model (5,6) developed a t  H S R I ,  was se lec ted  f o r  use i n  t h i s  s tudy 
f o r  t h ree  pr imary reasons: 1) The model was developed by one o f  
the  P r i n c i p a l  l nves t i ga to r s  (Dr. Bowman) and t he re fo re  i s  the  bes t  
understood of  e x i s t i n g  three-dimensional  models and could  w i t h  
minimal d i f f i c u l t y  be mod i f ied  t o  meet p r o j e c t  needs. 2 )  The 
model inc ludes  a  f o r c i n g  f ea tu re  i d e a l l y  s u i t e d  t o  the type o f  T I -  
mot ion i n p u t  planned f o r  s imu la t i on  work i n  t h i s  study. 3) 
Features of t he  neck model i n  VOM 3-0 a re  i n  near l y  a one-to-one 
correspondence with features of the MVMA 2-0 neck model (also 
developed by Dr. Bowman). This facilitates comparison between -Gx 
simulations (MVMA 2-0) and three-dimensional simulations having 
components of excitation in both the x and y vector directions. 
One of the first tasks performed on the present project was 
to revive the VOM 3-0 model from computer tape, as it had not been 
used for several years, and make checkout simulations. 
Supplemental software was then developed to improve the utility of 
the model with regard to the anticipated needs of the project. 
Specif ical ly, three types of software needs were identified. 1 )  A 
plotting package for VOM 3-0 was developed by making modifications 
to the package already developed for use with MVMA 2-0. 2) The 
format of printout of simulation data was revised, making it much 
more useful and eas ier to exami ne. 3) Add i ti onal response-re1 ated 
quantities were calculated and included in tabular time-history 
printouts. The new quantities included ones that have been 
measured or calculated by N B D L  in previous work with the test 
data, e , g . ,  the so-called "RANGLE angle,'' which describes the 
orientation of the head angular velocity vector. 
-Gx Simulations with MVMA 2-0 D -  7
A primary goal of this project is to establish otherwise 
indeterminable human neck parameter values by modeling and by use 
of a large base of human subject dynamic test data. The 
determined biomechanical description of the head/neck system can 
then serve as the basis for construction of a mechanical head/neck 
analog in an anthropometric dummy. Only limited biomechanical 
data relating to the human neck are currently available in the 
literature. Most of that is from tests with cadavers. 
In this study we have taken the best available biomechanical 
data as a base for our simulations. The basic procedure, then, is 
to fill in unavailable data and improve estimated data by 
comparing observed head/neck responses in N B D L  tests with 
responses predicted by the simulation model. Differences between 
observed and predicted responses indicate necessary adjustments to 
estimated values for biomechanical parameters. The process of 
iterative comparison of observed and simulated responses, in 
addition to leading to an accurate biornechanical description of 
the human neck structure, also clarifies the causes of important 
aspects of the dynamic response and indicates sensitivity to 
variation of parameters that will be part of the mechanical analog 
design. 
Simulations were made for -Gx sled runs at different 
acceleration levels (6g,15g) and also for different head/neck 
orientations (NUCU, NUCD, NFCU, NFCD) . Simulations for more than 
a single "baseline" sled run configuration (e.g., 15g/NUCU) make 
possible the refinement of the analytical model and the 
biomechanical parameter values. More importantly, demonstration 
that the model (wi th establ i shed va 1 ues) can predict responses 
properly for a range of conditions is necessary for validation of 
results. 
E. Processinq of +Gy Data 
A procedure was established and software written for 
retrieving data from 1981-1982 NBDL magnetic tapes made to 
specifications described in the H.G. Williamson memorandum of 12 
February 1982. These data were t o  be p l o t t e d  together  w i t h  
s imu la t i on  da ta  as an a i d  f o r  eva lua t i on  o f  s imu la t i on  r e s u l t s .  
Also, NBDL TI-mot ion data were needed as a  f o r c i n g  i npu t  t o  the  
base o f  the  neck i n  the s imu la t i ons .  
Coordinate t rans fo rmat ions  had t o  be performed on a l l  NBOL 
data v a r i a b l e s  be fo re  the data cou ld  be p l o t t e d  f o r  meaningful  
comparison w i t h  VOM 3-0 s imu la t i on  r e s u l t s .  The t rans fo rmat ions  
necessary r e l a t e d  t o  d i f f e r e n c e s  o f  fou r  types: 
1 .  The o r i e n t a t i o n  o f  NBDL x-y-z a x i s  systems i s  d i f f e r e n t  
f rom the VOM o r i e n t a t i o n .  S p e c i f i c a l l y ,  the  p o s i t i v e  z 
a x i s  i s  "up" f o r  NBDL b u t  "down" f o r  VOM. Also, the  y  
axes a re  i n  oppos i te  d i r e c t i o n s .  
2 .  The NBOL head anatomical coord ina te  system o r i g i n  i s  a t  
the  m idpo in t  o f  t he  l i n e  connect ing the l e f t  and r i g h t  
ex te rna l  a u d i t o r y  meat i .  The VOM head coord ina te  system 
o r i g i n  i s  a t  t he  head center  o f  g r a v i t y  (w i t h  
ins t rumenta t ion )  . 
3. The axes o f  t he  NBDL head anatomical  coord ina te  system 
l i e  i n  and perpendicu lar  t o  the  F r a n k f o r t  p lane. The 
axes o f  the VOM head coord ina te  system are  a long the  
p r i n c i p a l  axes f o r  the head i n e r t i a  tensor .  I n  general  
the  head p r i n c i p a l  axes a re  i n  an o r i e n t a t i o n  w i t h  
respec t  t o  the NBDL axes t h a t  i s  r o t a t e d  i n  the  
m i d s a g i t t a l  p lane. 
4. Eu ler  angles a re  de f ined  d i f f e r e n t l y  f o r  VOM and NBDL 
data,  both w i t h  respect  t o  o rder  o f  r o t a t i o n  and 
d i r e c t i o n  (sense) o f  r o t a t i o n .  
F. Analytical Model Development for 3-0 
Most of the three-dimensional simulation effort pertained to 
making analytical model and computer code modifications to VOM 3- 
D. The purpose of this work was to give this model all the 
capabilities of MVMA 2-0, as regards representation of the neck, 
that had been established to be important in -Gx work. In 
addition this work generalized all important features so that they 
may be expressed fully in three dimensions while reducing to 
MVMA 2-0 equivalent representations for the special case of planar 
motion. For example, allowance is made for specification of 
nonlinear static loading curves for neck angular deflection 
(bending) - at condyles and C7/T1 separately - with general 
dependence on the direction toward which bending occurs. Such 
model features as this are state of the art and are not found in 
any other known three-dimensional crash victim simulation 
model. These and other features added to VOM 3-0 in the second six 
months are itemized in the list below. 
1 .  neck mass added 
2. different neck properties for compression and elongation 
3. hysteretic energy loss allowed with bilinear unloading 
from all types o f  neck deformation 
4. different viscous damping for loading and unloading for 
all types of neck deformation 
5. all biomechanical parameters for bending of neck are 
tabular functions of heading angle 
6 .  asymmetric stop angles a1 lowed for n e c ~  twist 
7. simplified format for specifications of joint 
v i s c o e l a s t i c  p r o p e r t i e s  and e x c i t a t i o n  o f  degrees o f  
freedom 
8. added o f f - a x i s  j o i n t  s inuses f o r  bending s tops 
9. added load/ re load curves t h a t  a re  dependent on angular 
p o s i t i o n  o f  l oad ing  r e l a t i v e  t o  t h a t  o f  un loading 
-Gx and +Gy Simulat ions w i t h  VOM j-D G *   -
The f i r s t  s imu la t ions  made w i t h  the  VOM 3-0 model were -Gx 
s imu la t i ons .  The purpose o f  t h i s  was t o  e s t a b l i s h  the  a b i l i t y  o f  
VOM 3-0 t o  reproduce MVMA 2-D r e s u l t s  when i d e n t i c a l  i npu ts  a re  
used f o r  the  two models. 
S imu la t i on  work was then begun f o r  NBDL +Gy runs. Run LX2313 
(5.19, Subject  93) was se lec ted  f o r  the  i n i t i a l  work, S a g i t t a l  
p lane neck p rope r t i es  determined i n  the -Gx work were r e t a i n e d  f o r  
the  +Gy s imu la t ions  and made p o s s i b l e  b e t t e r  than order  o f  
magnitude i n i t i a l  es t imates f o r  o f f - s a g i t t a l  p lane neck 
p r o p e r t i e s .  
Data o f  Be ier ,  e t  a l .  (20), were used i n  the development o f  
head i n e r t i a  p r o p e r t i e s  f o r  s imu la t i ons  w i t h  the three-dimensional  
model . 
IV. RESULTS AND DISCUSSION 
A .  B a s e l i n e  S i m u l a t i o n s  at lfig (NUCU) 
The MVMA 2-0 model was used t o  e s t a b l i s h  as a c c u r a t e l y  as 
p o s s i b l e  t h e  s a g i t t a l  p l a n e  b iomechan ica l  parameters o f  t h e  neck. 
S i m u l a t i o n  r e s u l t s  were compared a g a i n s t  s l e d  r e s u l t s  averaged 
over f i v e  s u b j e c t s .  These s i m u l a t i o n s  were o f  -Gx t e s t s  a t  159 
w i t h  neck-up, ch in -up  (NUCU) i n i t i a l  o r i e n t a t i o n s .  1975 NAMRL 
data  were used s i n c e  newer d a t a  were n o t  immediate ly a v a i l a b l e  
when t h e  c u r r e n t  p r o j e c t  was begun. 
F i n a l  r e s u l t s ,  wh ich  w i l l  be improved through s tudy  o f  head/ 
neck response f o r  t e s t s  i n  o t h e r  v e c t o r  d i r e c t i o n s ,  r e p r e s e n t  a 
s i g n i f i c a n t  improvement over  r e s u l t s  f rom t h e  1975-1976 s tudy .  
The compar ison between t e s t  r e s u l t s  and s i m u l a t i o n  r e s u l t s  (159) 
f o r  t h e  c u r r e n t  s tudy  i s  i l l u s t r a t e d  i n  F i g u r e  1 f o r  head angu la r  
a c c e l e r a t i o n .  The p o s i t i v e  peaks agree w e l l  i n  phase and 
magnitude. The n e g a t i v e  peak i n  t h e  exper imen ta l  d a t a  has a  
sma l le r  a m p l i t u d e  than  i n  t h e  s i m u l a t i o n  da ta ;  t h e  reason f o r  t h i s  
w i l l  be f u l l y  e s t a b l i s h e d  i n  l a t e r  work, b u t  i t  i s  thought  t o  
r e l a t e  t o  non-zero p a r t i c i p a t i o n  o f  yaw and r o l l  modes i n  t h e  s l e d  
t e s t s .  For compar ison w i t h  F i g u r e  1 ,  F i g u r e  2  i l l u s t r a t e s  
1975-1976 r e s u l  t s  f o r  head angu lar  a c c e l e r a t i o n .  
MVMA 2-0 neck b iomechan ica l  parameters r e l a t e  t o  q u a s i - s t a t i c  
l o a d i n g  p r o p e r t i e s ,  ve loc i t y -dependen t  damping, and q u a s i - s t a t i c  
h y s t e r e t i c  energy l oss .  The 159 -Gx s i m u l a t i o n s  have made 
reasonab ly  c l e a r  t h e  r o l e s  t h a t  i n d i v i d u a l  parameters have i n  
produc ing p r i m a r y  c h a r a c t e r i s t i c s  o f  head/neck dynamics. For 
exampl e: 
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F i g .  2. S i m u l a t i o n  and NBDL 1975-76 R e s u l t s  f o r  Head Angu la r  
A c c e l e r a t i o n  f o r  -Gx  a t  15 g 
1) The normal extens ion a t  the condyles through the f i r s t  
110 ms i s  s t r o n g l y  in f luenced  by C7/T1 damping f o r  
load ing  i n  f l e x i o n  and can r e s u l t  o n l y  i f  t h a t  damping i s  
smal I .  
2) The magn i tude and shape o f  the  pos i t i  ve peak i n  head 
angular acce le ra t i on  a re  s e n s i t i v e  t o  proper phasing 
between head angle and tens ion  f o r c e  a long the neck s ince  
i t  i s  the torque o f  t h i s  f o r c e  a c t i n g  about the  head 
cen te r  o f  g r a v i t y  which i s  p r i m a r i l y  respons ib le  f o r  t he  
angular acce le ra t i on  o f  the head (76% a t  peak va lues as 
agai n s t  24% from the  extens i on  torque a t  the condyles) . 
Parameters o f  pr imary i n f l uence  a re  C7/T1 damping f o r  
load ing  i n  f l e x i o n ,  condyles damping f o r  load ing  i n  
extens ion,  and neck e longa t ion  ( tens ion)  s t i f f n e s s .  
3) Smoothness and the  low amp1 i tude o f  head angular 
acce le ra t i on  response a f t e r  about 135 ms i s  s t r o n g l y  
dependent on h y s t e r e t i c  energy loss  f o r  un loading from 
maximum neck e l onga t i on  and maximum condyles f l e x i o n .  I n  
p a r t i c u l a r ,  the hys te res i s  f o r  un loading from e longa t i on  
must be n i l  w h i l e  h y s t e r e t i c  energy loss  from f l e x i o n  
un loading a t  t he  condyles must be no g rea te r  than about 
50 percent.  
8 .  V a r i a t i o n  of I n i t i a l  Head/Neck O r i e n t a t i o n  -& Simulat ions 
The e f f e c t s  of changing i n i t i a l  head/neck o r i e n t a t i o n  i n  15g 
-Gx impacts was i nves t i ga ted  through s imu la t i ons  w i t h  the  MVMA 2-0 
model. Experimental T1 mot ions f o r  the  NUCD, NFCU, and NFCD 
o r i e n t a t i o n s  were no t  a v a i l a b l e  from the  1975-1976 study. Ne i the r  
have appropriate data for more recent sled tests been included in 
materials provided to HSRl during the current study. Therefore, 
for the purpose of developing appropriate input data for the NUCD, 
NFCU, and NFCD simulations, initial head and neck angles were 
taken from the 19th Stapp paper by Ewing, et g. (12) , and T I  
motions for NUCD, NFCU, and NFCD were obtained by scaling NUCU T1 
data in Tables 4 and 5 of that paper. Better data will be 
available in the follow-on study, but the simulation data obtained 
from the aforedescribed inputs already look good. Most of the 
effects of varying head/neck orientation as described in the Stapp 
paper are observed in the simulation responses. Of greatest 
significance is the MVMA 2-0 prediction that the NFCD condition 
causes dynamic responses that differ markedly from those for the 
other orientations. In particular, maximum positive peaks in 
angular velocity and angular acceleration are preceded by a 
negative peak of comparable magnitude and all magnitudes for NFCD 
are severely reduced when compared with any of the other 
orientations. Figures 3 and 4 i 1 lustrate these simulation results 
for the four initial head/neck orientations. 
The preliminary success of the MVMA 2-0 model in simulating 
with reasonable accuracy the responses in -Gx for a complete range 
of head neck orientations bolsters confidence that 1)the 
analytical model represents the head and neck with at least good 
approximat ion, and 2) the set of biomechanical parameter values 
established in NUCU simulations approximate true values. 
C. Variation of q Level in -Gx Simulations 
The ability of the established biomechanical data to account 
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for magnitudes and phasing of dynamic responses in lower g-level 
-Gx tests was examined in a 69 simulation. Experimental and 
simulation results for head angular acceleration are shown in 
Figure 5. Agreement is not as good as obtained at 15g. This 
probably indicates a need to nonlinearize the loading curves for 
angular deflection of the neck, making them softer for small 
deflections and stiffer for larger deflections. Investigation of 
that possibility is planned. 
0. Variation of Anthropometric Parameters 3 Simulations 
In addition to the above described series of simulations, a 
set of six simulations was run in order to determine the 
sensitivity of responses to variation of anthropometric parameters 
(as opposed to biomechanical parameters) , which wi 1 1 be different 
from subject to subject. Such parameters would normally not be 
varied in any series of simulations involving a given test subject 
since most are quantities which can be measured with reasonable 
accuracy, i.e., they are not values that can be considered 
estimates and thus subject to adjustment. The six simulations 
were comprised of a baseline run for a nominal 50th percentile 
adult male and five runs in which one of five anthropometric 
parameters was varied. These parameters were: neck length, S-I 
and A-P locations of head center of mass with respect to the 
occipital condyles, head mass, and head moment of inertia about 
the lateral principal axis. Parameter variations were from 50th 
percentile to 90th percentile values so that the variations in 
responses can be expected to represent near maximum departures 
from 50th percentile responses that will result over the entire 
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popu la t ion .  The p r e l i m i n a r y  f i n d i n g s ,  i n  b r i e f ,  from these 
s imu la t ions  are:  a) Phasing o f  responses i s  unchanged by 
v a r i a t i o n  o f  any s  i ng l e  head/neck anthropometr i c  measure. b) 
V a r i a t i o n  o f  S-I l o c a t i o n  o f  head cen te r  o f  mass has the  sma l les t  
e f f e c t .  Changes i n  head angular a c c e l e r a t i o n  response a re  
n e g l i g i b l e .  c) The v a r i a t i o n  o f  head moment o f  i n e r t i a  has the  
most s i g n i f i c a n t  e f f e c t .  The peak magnitudes ( p o s i t i v e  and 
negat ive) o f  head angul ar  a c c e l e r a t i o n  responses a re  changed by 
about f i v e  percent.  d) The change i n  head mass causes about a  two 
percent  change i n  peak head angular a c c e l e r a t i o n  response. e) 
Va r i a t i ons  o f  neck leng th  and A-P head center  o f  mass l o c a t i o n  
bo th  have o n l y  smal l  e f f e c t s .  
Since none o f  the  head/neck anthropometr ic  measures a f f e c t s  
head angular a c c e l e r a t i o n  response by more than f i v e  percent  when 
v a r i e d  from a  50 th  p e r c e n t i l e  va lue t o  a  90th p e r c e n t i l e  va lue,  
these p r e l i m i n a r y  f i n d i n g s  suggest t h a t  head/neck anthropometry i s  
probably  no t  impor tant  i n  e x p l a i n i n g  v a r i a t i o n s  between 
i n d i v i d u a l s  (adul t s )  i n  dynamic responses. Rather,  we expect 
s i g n i f i c a n t  s e n s i t i v i t y  t o  d i f f e r e n c e s  i n  neck biomechanics and 
i n i t i a l  cond i t i ons  (e.g., head/neck o r i e n t a t i o n ) .  S i m i l a r  
imp l i ca t i ons  can probably  be drawn from an independent NBDL study 
i n  which s t a t i s t i c a l  ana l ys i s  of response da ta  showed no 
s i g n i f i c a n t  c o r r e l a t i o n s  between response parameters and 
anthropometr ic  parameters. The s imu la t i on  work done so f a r  has 
no t  i nves t i ga ted  the  e f f e c t s  o f  maximum v a r i a t i o n  o f  severa l  
parameter va lues i n  combinat ion.  That i s ,  t he  p r e l i m i n a r y  
f i nd i ngs  do no t  necessa r i l y  have any s i g n i f i c a n t  i m p l i c a t i o n s  w i t h  
regard t o  cons is tency o f  response d i f f e r e n c e s  between i n d i v i d u a l s  
o f  50 th  p e r c e n t i l e  and 90th p e r c e n t i l e  he igh t  and weight  ( i .e . ,  
o v e r a l l  s i ze )  , f o r  whom most (not j u s t  one) o f  the  head/neck 
anthropometry values can be expected t o  d i f f e r  maximal ly.  Rather,  
these f i n d i n g s  have g rea te r  s i g n i f i c a n c e  i n  r e l a t i o n  t o  
d i f f e r e n c e s  t h a t  might  e x i s t  between i n d i v i d u a l s  o f  s i m i l a r  he igh t  
and weight .  
E .  V a r i a t i o n  of Subject  S t reng th  i n  -Gx Simulat ions 
Study o f  the  e f f e c t s  o f  d i f f e r i n g  sub jec t  s t reng ths  i s  
i m p l i c i t  i n  the  procedure o f  p rog ress i ve l y  a d j u s t i n g  va lues f o r  
unes tab l i shed  biomechanical parameters u n t i l  an opt imal  match w i t h  
exper imental  da ta  i s  obta ined.  Thus, t he  importance o f  s t r eng th  
has been i nves t i ga ted  t o  some degree i n  the  159 -Gx "average 
sub jec t "  s imu la t ions .  A more c r i t i c a l  examinat ion o f  s t r eng th  
e f f e c t s  w i l l  r e s u l t  from H S R l  s imu la t ions  o f  s i n g l e  sub jec ts  i n  
separate s l ed  t e s t s .  
F .  Comparison o f  MVMA 2-0 and VOM 3-0 in 9 Simulat ions 
A f t e r  t e s t i n g  o f  new fea tu res  o f  VOM 3 - D  i n  non-NBDL three-  
dimensional  s imu la t ions ,  i n c l ud ing  matching o f  a  r un  o f  the 
r ev i sed  VOM 3-0 w i t h  the una l t e red  model (s ide  impact auto c rash) ,  
VOM 3-0 was t es ted  aga ins t  MVMA 2-0 f o r  the "average sub jec t ' '  i n  
-Gx a t  159. A data  se t  f o r  VOM 3-0 was prepared by d i r e c t  
t r a n s c r i p t i o n  o f  va lues from the a l ready  es tab l i shed  MVMA 2-D data 
s e t  which y i e l d e d  the MVMA 2-D r e s u l t s  shown i n  F igure  1.  VOM 3-0 
produced the r e s u l t s  shown i n  F igures 6 and 7 ,  which a re  p l o t t e d  
toge ther  w i t h  the MVMA 2 - D  r e s u l t s .  
D i f f e rences  between responses p red i c t ed  by the two models a re  
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minor and, i n  f a c t ,  probably  f u l l y  exp la inab le .  The d i f f e r e n c e  
between the  angular a c c e l e r a t i o n  curves a f t e r  120 ms r e s u l t s  
p r i m a r i l y  f rom the d i f f e r e n t  methods used i n  the  two models f o r  
d r i v i n g  the T1 mot ion.  I t  i s  necessary t o  use an a r t i f i c i a l l y  
i n t roduced  sp r i ng  i n  t he  MVMA 2-0 " d r i v i n g  element,' ' and the  
s p r i n g  r a t e  used y i e l d s  a na tu ra l  frequency o f  7 1  Hz. I t  i s  
c l e a r l y  t h i s  element which i s  respons ib le  f o r  t he  70 Hz con ten t  
seen i n  t he  response a f t e r  120 ms. 
G. +Gy S imu la t ions  w i t h  VOM 3-J 
Data f o r  se l ec ted  NBDL +Gy t e s t s  f o r  Subject  93 were read 
from t h e  computer tape p rov ided  d u r i n g  the  second s i x  months by 
NBDL. Formal examinat ion o f  NBDL +Gy da ta  done thus f a r  has been 
f o r  r un  LX2313 (5. lg )  . Data f o r  i npu t  t o  VOM 3-0 was prepared and 
f i l m  o f  t he  t e s t  p rov ided  by NBDL was examined i n  order  t h a t  a 
p r e l i m i n a r y  understanding o f  +Gy dynamics m igh t  be developed. 
NBDL response data f o r  run  LX2313 were processed as discussed i n  
Sec t ion  1 I I . E  f o r  t h e  purpose of  o b t a i n i n g  app rop r i a t e  VOM 3-0 
i n i t i a l  cond i t i ons  and a l s o  t ime h i s t o r i e s  f o r  p l o t t i n g  w i t h  VOM 
3-0 r e s u l t s .  
E a r l y  r e s u l t s  from VOM 3-0 s imu la t ions  o f  run  LX2313 a re  
i 1 l u s t r a t e d  i n  F igures 8, 9, and 10, which show the t h ree  
t r a n s l a t i o n a l  components o f  a c c e l e r a t i o n  ( i n  the  l abo ra to r y  frame) 
f o r  t he  head anatomical  o r i g i n .  Phasing i s  good, and magnitudes 
a re  reasonable cons ider ing  t h a t  these a re  e a r l y  r e s u l t s  and t h a t  
va lues used f o r  biomechanical parameters which a f f e c t  mot ion ou t  
of the  m i d s a g i t t a l  p lane  were o n l y  order-of-magnitude est imates.  
I t  may be  observed t h a t  even the  " cha t t e r "  a f t e r  190 ms 
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Fig. 9. Preliminary Simulation Results and N B D L  Test Results for 
Laboratory Head Origin Y-Acceleration for +Gy at 5 g 
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Fig. 10. Preliminary Simulation Results and NBDL Tes t  Results for 
Laboratory Head Origin ,?-Acceleration for +Gy a t  5 g 
f o l l o w s  the  NBDL data moderately w e l l  i n  a mean va lue  sense. Th is  
cha t t e r  i s  t raceab le  t o  excessive a c t i v i t y  a t  the  lower neck 
j o i n t ,  C7/T1, and probably  r e s u l t s  from too much h y s t e r e t i c  energy 
loss  i n  load/unload/reload c y c l i n g .  The biomechanical parameter 
governing h y s t e r e t i c  energy loss  a t  C7/T1 was determined on l y  f o r  
(m idsag i t t a l  plane) f l e x i o n  i n  the -Gx s imu la t ions  (and no t  f o r  
extens ion) s i nce  on1 y f l e x i o n  occurred a t  C7/T1. There was 
t he re fo re  no evidence as t o  how h y s t e r e t i c  energy loss  might  vary  
as a f u n c t i o n  o f  the  bending heading angle.  Th i s  f unc t i ona l  
dependence (over 360") as we1 1 as o ther  unknown o r  est imated 
q u a n t i t i e s  w i l l  be determined by i t e r a t i v e  adjustment through 
comparison o f  VOM 3-0 r e s u l t s  and NBDL data.  
V .  REFERENCES 
Bowman, B.M., Bennett ,  R.O. ,  and Robbins, D.H. MVMA Two- 
Dimensional Crash V i c t i m  S imu la t ion ,  Version 3 Volumes 1 ,  2, 
and 3. F ina l  Report No. UM-HSRI-BI-74-1, June 1974. 
Robbins, D .  H., Bowman, B.M. and Bennett ,  R.O., "The MVMA 
Two-Dimensional Crash V i c t i m  Simulat ion. "  Proceedinqs of 
18th Stapp Car Crash Conference. S A E  #721195, 1975. -
Bowman, B.M., Robbins, D.H., and Bennett, R.O. MVMA Two- 
Dimensional Crash V i c t i m  S imu la t ion  T u t o r i a l  System: S e l f -  
Study Guide and Audio-Visual  Program. Prepared f o r  Motor 
Veh ic le  Manufacturers Assoc ia t ion .  UM-HSR I -77-18- 1 ,  1 ( 2  
volumes). A p r i l  1977. 
Bowman, B.M., Bennett, R.O., and Robbins, D.H. MVMA Two- 
Dimensional Crash V i c t i m  Simulat ion,  Version 4 Volumes 1 ,  2 
and 3. F i na l  Report No. UM-HSR I-79-5- 1 ,  2, 3, June 1979. 
Bowman, B.M. Ana l y t i ca l  Model o f  2 Veh ic le  Occupant for Use 
i n  Crash Simulat ions.  Ph.D. Thesis.  The U n i v e r s i t y  o f  - -  
Michigan, 1971. 
Bowman, B.M., and Robbins, D.H., "Parameter Study o f  
Biomechanical Q u a n t i t i e s  i n  A n a l y t i c a l  Neck Models," 
Proceedings of S ix teen th  Stapp Car Crash Conference, SAE 
#720957, November 1972. 
Ewing, C.L., Thomas,D.J., Beeler ,  G.W., P a t r i c k ,  L.M., and 
G i 1 1 i s, D .B. "Dynami c Response o f  the  Head and Neck o f  the  
L i v i n g  Human t o  Gx Impact Acce le ra t ion . ' '  Proceedings, 
T w e l f t h  Stapp Car Crash Conference. Soc ie ty  o f  Automotive 
Engineers, Inc., New York. S A E  #680792, October 1968. 
8, Ewing, C.L., Thomas, D.J., P a t r i c k ,  L.M., Beeler ,  G.W. ,  and 
Sm i th ,  M. J . "L i v  i ng Human Dynami c Response t o  -Gx l mpact 
Acce le ra t ion .  I l - A c c e l e r a t i o n s  Measured on the  Head and 
Neck." Proceedinqs, T h i r t e e n t h  Stapp Car Crash Conference. 
Soc ie ty  o f  Automotive Engineers, Inc. ,  New York. S A E  
#6908 17, December 1969. 
9. Ewing, C.L. and Thomas, D.J. "Human Head and Neck Response 
t o  -Gx lmpact Acce le ra t ion . "  A G A R D  Conference Proceedings, 
A G A R D - C ~ - ~ ~ - ~  1,  June 1972, 
10. Ewi ng, C .  L., and Thomas, 0. J. Human Head and Neck Response & 
lmpact Accelerat ion.  NAMRL Monograph 2 1  USAMRL 73-1, August 
1972. 
1 1 .  Ewing, C.L. and Thomas, D.J. "Torque Versus Angular 
Displacement Response o f  Human Head t o  -Gx lmpact 
Accelerat ion. "  Proceedinqs, Seventeenth Stapp Car Crash 
Conference, S A E  #730976, November 1973. 
1 1 .  Ewing, C.L. and Thomas, D.J. "Torque Versus Angular 
Displacement Response o f  Human Head t o  -Gx lmpact 
Acce le ra t ion . "  Proceedinqs, Seventeenth Stapp Car Crash 
Conference, SAE #730976, November 1973. 
12. Ewing, C.L., Thomas, D.J., Lus t i c k ,  L., Becker, E . ,  Wil lems, 
G., and Muzzy, W.H. I l l ,  "The E f f ec t  o f  the I n i t i a l  P o s i t i o n  
o f  the  Head and Neck on the Dynamic Response o f  the Human 
Head and Neck t o  -Gx lmpact Accelerat ion. "  Proceedings of 
N i neteenth Stapp Car Crash Conference, S A E  #751157, November 
1975 
13.  Ewing, C.L., Thomas, D.J., L u s t i c k ,  L., Muzzy, W.H., Wil lems, 
G., Majewski, P.L. "The E f f e c t  o f  Durat ion,  Rate o f  Onset and 
Peak Sled Acce le ra t ion  on the Dynamic Response o f  the Human 
Head and Neck," Proceedinqs 20th Stapp Car Crash Conference, 
S A E  #760800, October 1976. 
14. Muzzy, W.H., and Lus t i c k ,  L. "Comparison o f  Kinematic 
Parameters Between Hydr id  I I  Head and Neck System w i t h  Human 
Volunteers f o r  -Gx Accelerat ion. lL  Proceedinqs, 20th Stapp 
Car Crash Conference, S A E  #760801 , October 1976. -- 
15. Ewing, C.L., Thomas, D.J., Majewski, P.L., Black R.,  and 
Luc t i c k ,  L. "Measurements o f  Head, T I ,  and P e l v i c  Response 
t o  -Gx lmpact Accelerat ions. "  Proceedings, 21st Stapp Car 
Crash Conference, S A E  #770927, October 1977. -
16. Ewing, C.L., Thomas, D.J., Lus t i c k ,  L., Muzzy, W.H., Willems, 
G.C., and Majewski, P.  "Dynamic Response o f  the Human Head 
and Neck t o  +Gy lmpact Acce le ra t ion . "  Proceedings, 21st 
Stapp Car Crash Conference, S A E  f770928, October 1977. 
17. Ewing, C.L., Thomas, D.J., Lus t i c k ,  L., Muzzy, W.H., Wil lems, 
G., and Majewski, P. "E f f ec t  o f  I n i t i a l  P o s i t i o n  on the Human 
Head and Neck Response t o  +Y lmpact Accelerat ion. "  
Proceed i nos, 22nd S t a ~ p  Car Crash Conference, S A E  #780888, 
October 1978. 
18. Schneider, L.W., Bowman, B .M., Snyder, R.G., and Peck, L.S. 
A P r e d i c t i o n  of Response of the Head and Neck o f  the  - 
U.S. Adul t  M i l i t a r y  Popu la t ion  & Dynamic Impact Acce le ra t ion  --
f r o m s e l e c t e d  Dynami,~ Test Subjects.  12 Month Technical  - 
Report NR 105-832, ONR Cont ract  NO00 14-75-C- 1077, May 1976. 
19. Schneider, L.W., and Bowman, B.M., "P red i c t i on  o f  Head/Neck 
Dynamic Response o f  Se lec ted  M i  1 i t a r y  Subjects  t o  -Gx 
Acce le ra t ion . "  Proceedings of Symposium an Biodynamic 
Models Dayton, February 1977. 
-9 Av i a t i on ,  Space, and 
Envi ronmental Medi c ine ,  Supplemental I ssue, January 1978. 
20. Be ie r ,  G., Schul l e r ,  E . ,  Schuck, M., Ewing, C.L., Becker, 
E.D., and Thomas, D.J., ' 'Center o f  G r a v i t y  and Moments o f  
I n e r t i a  o f  Human Heads." Proceedinqs o f  F i f t h  I n t e r n a t i o n a l  
IRCOBl Conference on the  Biomechanics of Impact, 1980. 

